ABSTRACT. The use of a new second-sphere coordination methodology for emission color tuning of iridium complexes is presented. We demonstrate that a complimentary H-bonding guest molecule binding through contiguous triple H-bonding interactions can induce a shift in the emission of the iridium complex from green to blue without the need to alter the ligand structure around the metal centre, while simultaneously increasing the photoluminescence quantum yield in solution. The association constant for this host-guest interaction was determined to be Ka = 4.3 x 10 3 M -1 in a solution of 2% dimethylsulfoxide in chloroform by UV-Vis titration analysis and the impact of the hydrogen bonding interaction further probed by photoluminescence, 2 electrochemical, and computational methods. Our findings suggest that directed self-assemblies are an effective approach to influencing emission properties of phosphorescent iridium (III)
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INTRODUCTION

Cyclometalated Ir
III complexes are under intense investigation due to their high photoluminescence (PL) efficiency, relatively short PL lifetimes and wide range of accessible colors across the visible spectrum. [1] These complexes have been used in myriad applications such as biological labelling agents,[2] oxygen sensors, [3] photocatalysts for hydrogen production, [4] and as emitters in electroluminescent devices.
[5] Notably, color tuning of these complexes is typically achieved through the modification or functional group substitution of ancillary and/or cyclometalating ligands.
[6] There have been no reports in which second-sphere coordination, and in particular H-bonding, is cited as a viable methodology in tuning the electronic properties of these complexes. Until recently, hydrogen bonding in iridium complexes have been limited to Hbonds aimed at structure retention for biomimetic organo-and photocatalysis.
[7] Lu and coworkers have reported an Ir-centered picolinate structure that uses peptidic interactions to assemble a luminescent donor-acceptor system. [8] This host-guest macrostructure, with pendant H-bonding moieties that are branched from the picolinate ligand, showed both promising photo-and electroluminescent behavior. The authors did not, however, quantify the strength of the intermolecular interactions.
Our work takes inspiration from a novel quadruple H-bonded heterodimeric assembly first reported by Leigh and co-workers, in which a protonated guanidinium species provided two stabilizing features for the assembly process: 1) ion-dipole interaction between the H-bond-rich cationic guest and the annulated tetraazatetracene host; 2) reduction of destabilizing rotational isomerization using intramolecular H-bonding of the guanidinium with an adjacent benzimidazole. [9] We now posit that cyclometalation (of the N^N -variety) in place of protonation would satisfy these two stabilization parameters while accessing additional physical properties imparted by the chosen transition metal; in the case of iridium(III), would generate charge neutral complexes.
In this account, we present an alternative route for tuning the emission properties of Ir III complexes via direct second-sphere coordination. [10] Specifically, triple H-bonded heterodimeric system (1¥3) exhibits modulated photophysical properties from that of the corresponding mononuclear cyclometalated Ir III complex 1 ( Figure 1 ). This work represents a first example of chromophoric units assembled into a higher-order structures via H-bonding, formed from a neutral N^N guanidine-chelated iridium (III) complex. This methodology can be easily extended towards the development of multinuclear assemblies incorporating tunable PL properties. 
EXPERIMENTAL SECTION
Materials. All starting materials were purchased from commercial sources and used without further purification. Analytical thin layer chromatography was done on precoated TLC sheets Alugram Sil G/UV254. Column chromatographic purifications were done with silica gel, ultrapure, 60-200 micrometer (60 •) or aluminum oxide (activated, neutral) as specified. All experiments were performed under a dry N2 atmosphere using standard Schlenk techniques unless otherwise noted. All materials were used in the condition as received from the supplier without further purification unless otherwise noted.
NMR.
1 H (400 MHz) and 13 C (100 MHz) NMR spectra were recorded on a ÔJEOL ECS 400Õ spectrometer in deuterated solvents such as chloroform-d, DMSO-d6 or methanol-d4 as noted. All chemical shifts are reported in δ (ppm) referenced to tetramethylsilane, Si(CH3)4, while peak multiplicities are referred to as singlet (s), doublet (d), triplet (t), quartet (q), broad singlet (bs), and multiplet (m).
Mass Spectrometry, Infrared, Elemental and Melting Point Analyses. High-resolution mass spectral data were recorded on Bruker MicrOTOF-Q II Instrument. IR spectra were recorded using Shimadzu IRAffinity-1 spectrophotometer. Elemental analysis was performed by the Elemental Analysis Service at the London Metropolitan University, UK. Melting points were determined on Buchi Melting Point Instrument.
UV-Visible Absorption. Absorption spectra were recorded at room temperature using Shimadzu UV-1800 double beam spectrophotometer. Molar absorptivity determination was verified by linear least-squares fit of values obtained from at least four independent solutions at varying concentrations with absorbance ranging from 2.8 x 10 -4 to 2.4 x 10 -5 M.
Photoluminescence Analyses. Steady-state emission and excitation spectra and time-resolved emission spectra were recorded at 298 K using an Edinburgh Instruments F980. All samples for steady-state measurements were excited at 360 nm and the samples for time-resolved measurements at 378 nm using a PDL 800-D pulsed diode laser. Photoluminescence quantum yields (PLQY) were determined using the optically dilute method, [11] using quinine sulfate as a reference (54.6%; 0.5 M H2SO4). [12] The PLQY of each component and the co-complex are the average values measured in triplicate and the estimated error is 5%. Photoluminescence quantum yield measurements of thin films were performed in an integrating sphere under a nitrogen purge in a Hamamatsu C9920-02 luminescence measurement system. [13] Further details of all PL analyses are available in the supporting information (See SI, Section 5).
Electrochemistry. Cyclic voltammetry (CV) measurements were performed in an Innovative
Technology glovebox using a standard three electrode system connected to a Biologic SP-150
potentiostat. Solutions for CV were prepared in DCM solution with 0.1M of tetrabutylammonium hexfluorophosphate (TBAPF6) as the electrolyte at 298 K. The cells consisted of a platinum disk working electrode (0.07 cm 2 ), a platinum wire counter electrode, and a Ag/Ag + reference electrode.
Concentration of active species: 2mM, potential range 0Ð2.2 V, scan rate 100 mV s -1 .
Recrystallized ferrocene was used as the internal standard and all potentials are reported vs SCE [14] using the formal potential of ferrocene / ferrocenium in DCM, which is 0.46 V vs SCE [14] diffractometer. The data was refined by least squares minimization using ShelXL [15] and solved by intrinsic phasing using ShelXT. [16] Olex2 [17] was used as an interface to all ShelX programs.
Hydrogen atoms located on N6, N13, N5 and N12 could not be located from the difference map.
To ensure a chemically sensible model, hydrogen atoms were modelled at calculated positions for all four possible locations, and occupancy was fixed at 50% in all cases. The butyl chain on one of the two independent molecules is disordered, along with one molecule of chloroform over two positions, each with 50% occupancy. CCDC 1822594 contains the supplemental crystallographic information and is available free of charge from the Cambridge Crystallographic Database. 
1-(1H-benzo[d]imidazole-2-yl)-3-butylguanidine 2b.
From a modified procedure, [22] compound 2a (269 mg, 1.08 mmol) was suspended in 15 mL of CHCl3 and to this were added HgO (0.32 g, 1.51 mmol) and 2 M methanolic NH3 (6 mL). The reaction mixture was stirred at r.t.
for 3 h and a color change from wine red to brown was observed. The reaction was then filtered through celite and concentrated under reduced pressure. The resulting solid was dissolved in 2 M acetic acid (~ 8 mL) and stirred for 1 h, then filtered through celite. The pH was adjusted to 8.0 by addition of a 10 M solution of NaOH. The formed precipitate was filtered, washed with water and dried. The product was dissolved in chloroform and extracted 3 x with saturated solution of Hz), 0.79 (t, 3H, J = 7.3 Hz). 13 nm and collected at λem = 500 nm) in comparison to the emission decays of 1 and 3 (0.70 µs at λem = 500 nm and 3.0 ns at λem = 400 nm, respectively). It is important to note that at 378 nm both components are directly photoexcited. We nevertheless ascribe the longer lifetime component to the direct photoexcitation of 1 (93% contribution), which is slightly elongated from that of free 1.
RESULTS AND DISCUSSION
We rationalize this small increase to be caused by an electronic perturbation of 1 imparted by the formation of host-guest complex 1¥3. The shorter component can be linked to the excitation of 3 (7% contribution), and subsequent energy transfer to 1 in 1¥3. We see no evidence of the lifetime component of free 3.
[29] We also collected the decay lifetime of 1¥3 at λem = 450 nm where both species exhibit photon emission. At this emission wavelength, the luminescence decay is dominated by the phosphorescence of 1 (τPL = 0.60 µs; 95% contribution; see SI, Section 5, Figure   S26 ) with a minor contribution from fluorescent 3 (τPL = 2.7 ns), demonstrating that the lifetime values are λem dependent and attributed to a bimolecular system with coupled emission properties.
This conclusion is further supported by comparison of the emission spectra of 1, 3 and 1¥3 at equimolar concentrations (see Figure 4b) , where some emission quenching is evident of both components.
This phenomenon was also explored by performing a PL titration experiment (see SI, Section 5, Figure S19 ) of 1 titrated with 3 (with a background concentration of 1 to maintain a constant concentration) in CHCl3/DMSO 98:2, modelling the same conditions as the UV-Vis binding study.
Here, we see an increase of the emission intensity of 3 up to the equimolar mark with some quenching of 1 observed. Beyond a 1:1 concentration, we observe little increase (followed by some quenching) in emission intensity of 3 upon addition of up to 4 equivalents of 1, while only a partial quenching of 1 was observed. This experiment clearly illustrates that the emission properties of this host-guest pair are coupled. The energy transfer efficiency for 1¥3 was also measured and calculated to be approximately 35% from the ratio between the corrected excitation spectrum of 1¥3 (collected at 580 nm; beyond the emission window of 3) and the absorption spectrum of 1¥3 (Figure 4c ). The ΦPL for the PMMA doped film prepared in 1:1 ratio of 1 and 3 to form 1¥3 adduct is 23% (Table 1) , with near quantitative quenching of 3. To probe the emission quenching of 3, a PMMA doped film containing a 1:1 ratio of 3 and the yellow emitting [Ir(ppy)2(dtbubpy)]PF6 (dtbubpy is 4,4Õ-di-tert-butyl-2,2Õ-bipyridine), [30] was prepared and analyzed. Here, no association by hydrogen bonding is present between both emitting species but, similarly to 1¥3, we observed a complete emission quenching of 3. This demonstrates that one root cause of the quenching of 3 in both cases is due to aggregation-caused quenching in doped film. This is supported by an analogous experiment conducted in solution demonstrating that the emission of 3 was also Given the highly conjugated nature of 3, its propensity to potentially act as an electrontransport/host material is also a likely contributor to this observation, and an avenue we are investigating further in the context of EL devices.
Electrochemical studies on complex 1, assembly 1¥3, and compound 3 were performed using cyclic voltammetry (CV) and potentials of interest (vs. SCE) [14] reported in Table 1 a a Solution data are reported in degassed DCM. Solid state data are represented in parentheses. Polymer doped films were prepared with 5% of emitter and 95% PMMA in 2-methoxyethanol and deposited by spin-coating on quartz substrate. 1¥3 complex is 1:1 ratio of iridium complex 1 and compound 3. All samples excited at 360 nm. b Emission lifetimes were collected by excitation at lex= 378 nm. lem used to collect decay lifetimes are reported in the SI, Section 5, Fig. S20-S26 .
c Quinine sulfate employed as the external reference (ΦPL = 54.6% in 0.5 M H2SO4 at 298 K). 12 d kr and knr were calculated using the major lifetime component.
e Measurements were carried out in DCM with 100 mV s -1 scan rate and data are reported vs. SCE in DCM. 
